Abstract. Morphology of the interlayer van der Waals surface and differential tunneling conductance in p-Bi 2-x Sb x Te 3-y Se y solid solutions were studied by scanning tunneling microscopy and spectroscopy in dependence on compositions. Topological characteristics of the Dirac fermion surface states were determined. It is shown that the thermoelectric power factor and the material parameter enhance with the shift of the Dirac point to the top of the valence band with increasing of atomic substitution in these thermoelectrics.
Introduction
Solid solutions (Bi, Sb) 2 (Te, Se) 3 at optimal composition and charge carrier concentration for temperature range from 120 to 500 K are known to be high-performance thermoelectrics that are widely used in thermoelectric heating and cooling [1] [2] [3] . Nanostructuring of chalcogenide thermoelectrics allows to enhance the figure-of-merit Z in comparison with bulk materials due to decrease in the thermal conductivity, increase in the power factor and the material parameter [4] [5] [6] [7] .
Novel opportunities for the development of innovative chalcogenide materials of a new generation are associated with studies of the topological properties of the Dirac fermion surface states in bismuth telluride and its solid solutions belonging to the class of topological insulators. In these materials, topological state appears as the result of electronic band inversion due to strong spin-orbit interaction, thus the bulk becomes an insulator [8, 9] and the surface demonstrates an unusual metallic properties specific for Dirac fermions with linear dispersion and helical spin texture that ensures the lack of electron 2 backscattering on nonmagnetic defects. The anomalous properties of the topological surface electronic states are now intensively applied in photonics [10] and optoelectronics [11, 12] , special attention is also paid to their application in thermoelectricity [13] [14] [15] [16] .
The work is devoted to study of the surface states of Dirac fermions in p-type (Bi, Sb) 2 (Te, Se) 3 thermoelectrics with substitution of atoms in the Bi and Te sublattices by scanning tunneling microscopy (STM) and spectroscopy (STS). At present, STM/STS methods are used to obtain the local characteristics of the surface electronic states of Dirac fermions [17] [18] [19] [20] , along with angle-resolved photoelectron spectroscopy (ARPES) [17, [21] [22] [23] and transport properties [24] [25] [26] .
STM/STS permit to determine the peculiarities of morphology and tunneling differential conductance that define the topological surface states, namely the Dirac point energy E D , the top of the valence band E V , the bottom of the conduction band E C , the energy gap E g , and the surface concentration of Dirac fermions n s in dependence on the of solid solution composition.
Joint analysis of topological surface state parameters of Dirac fermions and bulk properties of thermoelectrics [21] [22] allows to establish a correlation between the STM/STS results and the Seebeck coefficient, the power factor and the material parameter, which are proportional to the density-of-states effective mass, the charge carrier mobility and the figure-of-merit Z.
Crystal structure and samples for studies
Van der Waals thermoelectrics based on bismuth telluride are a rhombohedral crystal structure with The ingots of p-Bi 2 Te 3 and its based solid solutions with substitutions of atoms Bi → Sb and Te → Se were grown by the method of vertical zone alignment using precision stabilization of temperature at the crystallization front for obtaining homogeneous thermoelectrics [27] . (Table 1) was determined from studies of thermoelectric and galvanomagnetic properties in the framework of the parabolic model of the energy spectrum with isotropic scattering mechanism taking into account its dependence on solid solution composition [28] [29] [30] [31] [32] .
STM and STS methods
STM/STS studies of thermoelectrics based on bismuth and antimony chalcogenides were carried out using high-vacuum GPI-300 microscope developed at Prokhorov General Physics Institute (Moscow) with a new vacuum module developed and manufactured in Ioffe Institute, St. Petersburg. Before the experiments the several upper layers of sample were removed in STM chamber (~ 1.5x10 -7 Pa) by adhesive tape to obtain a clean surface. STM/STS tips were fabricated from tungsten wire with diameter of 260 μm, etched in 2M solution of NaOH to achieve the apex radii ~ 15 nm. Then the tips were heated in the preliminary chamber (~ 3.5 x10 -6 Pa) at 600° ÷ 700°C followed by a several hours cleaning by Ar + ion bombardment.
The structure of the surfaces (0001) was registered in the constant-current mode with feedback turned on. After that, in the regime of a constant distance between the probe and the surface under 4 investigation (feedback turned off) the dependences of both I t = f 1 (U t ) and dI t /dU t = f 2 (U t ) at frequencies up to 7 kHz were recorded at preselected points with averaging of up to 100 experimental curves to increase the signal/noise ratio.
Surface morphology
The morphology of the interlayer van der Waals surface (0001) was studied by STM in the p- From the analysis of the surface profiles, the hexagonal lattice parameters were estimated in the range a = 0.40-0.48 nm that is in agreement with [36] . Corrugation of surface Te(1) atoms is about 0.06 nm in p-Bi 2 Te 3 and about 0.1 nm in the solid solutions (figure 2a -2c). Such height difference is attributed to the distortion of the surface electronic states that arise by the substitution of Bi → Sb, Te → Se atoms in the solid solutions [34, 35] or the formation of structural defects [33] . [35] . Besides, more intense second-order spectral components were observed in the solid solution with an increase of Se content at x = 1.2 and y = 0.09 as compared with x = 1.6, y = 0.06 (figures 3b, 3d). The FFT analysis of the surface images (0001) with atomic resolution was used to determine the average value of the hexagonal lattice constant (figure 3a -3c 
STS spectra
The differential tunneling conductance dI t /dU t in dependence on voltage U t was measured in the pBi 2 Te 3 and the p-Bi 2-x Sb x Te 3-y Se y solid solutions on the (0001) surface by STS at room temperature. Figure 4 shows the differential conductance dI t /dU t on voltage U t , for the p-Bi 2-x Sb x Te 3 (x=1.55) solid solution. The Dirac point energy E D was determined from the intersection of the tangent to the linear part of dI t /dU t and the U t axis (figure 4) [38] . Slope changes along function f(U t ) = dI t /dU t allow to locate the energy position of the top of the valence E V and the bottom of the conduction E C band. The E V and E C energy positions were refined using the second derivative dI The growth of the atomic substitutions in solid solutions results in displacement of the edges of the valence band E V and the conduction band E C ( figure 6, curves 1, 3) . The positions of E D and E V (figure 6, curves 1, 2) in p-Bi 2 Te 3 and the solid solutions with a small number of substituted atoms in the Bi sublattice obtained in the study are differ from [39] , which caused by the features of the growth technology and also by the influence of excess Te. In the solid solutions at x> 1.5, the E D and E V positions are in agreement with [39] .
The E g values (figure 7, curve 1) obtained from the differential conductance dI t /dU t are larger than E g received from investigation of optical absorption edge, especially in Bi 2 Te 3 [40, 43] and p-Bi 2- x Sb x Te 3 [43] , which is probably caused by the effect of a change in the density of states in the materials with inversion of the energy gap edges in narrow-band topological insulators [46] . The E g value obtained for p-Bi 2 Te 3 by means of STS [42] is close to our data (figure 7). As shown in figure 7 , the Fermi energy level with respect to the top of the valence band is located in the energy gap and slightly shifts depending on compositions of the solid solutions (figure 7, curve 2).
Surface states of Dirac fermions and thermoelectric properties
The position of the Dirac point E D , depending on the composition of the solid solutions (figure 6, curve 1) together with the Fermi velocity values v F allow to estimate the surface state parameters of the Dirac fermions: the surface concentration n s , the wave vector k F . In these estimates, we used data for the Fermi velocity v F in the Bi 2-x Sb x Te 3 solid solutions given in [39] . The surface concentration n s is defined as: The results obtained in the study of the differential conductance dI t /dU t were analyzed in conjunction with the thermoelectric properties of the materials based on bismuth telluride [3, 25, 28] . It allows us to establish correlation between the parameters of the topological surface states of the Dirac fermions and the basic thermoelectric properties of bulk thermoelectrics: the Seebeck coefficient S, the power factor S 2 , and the material parameter proportional to the figure-of-merit Z ( figure 9 ).
In the p-Bi 2-x Sb x Te 3-y Se y solid solutions, the S (Table 1) induced by charge carrier scattering and the parameters of constant-energy ellipsoids in bulk materials [1, 7, [29] [30] [31] . Figure 9 shows that the power factor S (Table 1) . These solid solutions are efficient in the temperature range near room and at higher temperatures [28] . (Table 1) are optimal in the temperature range below room temperature [1] .
As shown in figure 9 , in the solid solutions at x>1.5 with the highest parameters S 
Conclusion
The morphology of the interlayer van der Waals surface (0001) and differential tunneling conductance were studied by STM/STS technique in the p-Bi 2 Te 3 and p-Bi 2-x Sb x Te 3-y Se y thermoelectrics. 
